The effect of the preparation method on the properties of LaMnO 3 and La 0.8 Sr 0.2 MnO 3 perovskite was studied. Materials were prepared by four methods: sol-gel, chemical combustion, solvothermal and spray pyrolysis and characterized. The effect of the synthesis method on the texture, acid-base character of the surface, reducibility with hydrogen, oxygen desorption, surface composition and catalytic activity for combustion of lean methane was studied. It was found that synthesis method affects physicochemical properties of obtained materials-solvothermally produced materials exhibit well-developed surface area, presence of reactive oxygen species on surface and high catalytic activity for CH 4 combustion. Generally, LaMnO 3 and La 0.8 Sr 0.2 MnO 3 perovskites show catalytic activity for lean CH 4 combustion comparable or higher than the activity of 0.5 wt.% Pt/Al 2 O 3 but lower than 1 wt.% Pd/Al 2 O 3 .
Introduction
Huge amounts of methane are emitted into atmosphere every year from numerous sources like coal mines, animal waste or landfill. Concentration of methane in the atmosphere has been increasing strongly since beginning of XX century. Methane is a greenhouse gas showing 23 times higher global-warming potential than CO 2 [1] . Emission of methane creates not only threat to the environment but also it is a waste of energy. Ventilation air methane (VAM) represents the largest part of methane emissions from coal mines; in addition concentration of methane in VAM is low and variable. Annually, up to 350 bln m 3 of methane is released from Polish coal mines and only a part of this gas is used, the majority goes into the atmosphere as VAM with a methane concentration of 0.1% -1.0% [2] . Conventional flame burners possess insufficient efficiency to oxidize diluted methane in VAM and catalytic oxidation is often proposed for this purpose. However methane is more difficult to oxidize than most of the other hydrocarbons. Catalytic oxidation of methane needs higher temperature than in the case of VOC oxidation therefore not only catalyst activity but also its thermal stability is a crucial problem. Various catalytic systems were proposed for methane oxidation. Noble metals are the most active catalysts however they are susceptible to sintering and expensive as well [3] [4] . Metal oxides seem to be more suitable for such applications than noble metals because they combine low volatility and reactivity with relatively high activity in oxidation reactions and low price [5] .
Crystal structure of ABO 3 mixed metal oxides with the perovskite like structure is very flexible towards substitutions and thus allows modifying their physicochemical properties including catalytic activity. Perovskites have been the subject of many studies regarding use their as high-temperature oxidation catalysts [5] [6] . Among different perovskite compositions studied as catalysts of methane oxidation, LaMnO 3 appeared to be especially effective in this reaction [7] . Catalytic performances of perovskites are strongly affected by the mobility of oxygen species [8] [9] [10] . Simultaneously, it is commonly known that the method of synthesis strongly affects catalytic performance of the perovskite-type oxides [11] [12] . The amorphous citrate method belongs to the most commonly used in the perovskites synthesis; it is simple and enables one to obtain perovskites at relatively low temperatures. L. Marchetti and L. Forni [6] have found that specific activity of La-Ma based perovskites prepared by amorphous citrate complex method decreases monotonically with increasing temperature of maximum of TPD-O 2 desorption peak. They also stated that two kinds of perovskite related oxygen are active in methane combustion: adsorbed oxygen species active at low temperatures and lattice oxygen species active at high temperatures [6] . In comparison, flame-spray pyrolysis leads to perovskites with small crystal size and good thermal stability, but the apparatus needed for synthesis is rather complicated. Catalytic activity of perovskites prepared by this method increase with increasing surface area of material [13] .
The most important advantages of the solvothermal method of perovskites synthesis are high quality and purity of the products, short reaction time, low dispersion of grain size and no need to final high temperature calcination of product. The main disadvantage is a relatively high cost. F. Teng et al. [14] for methane combustion than nanoparticles [14] .
H. Najjar et al. [15] using LaMnO 3 prepared by chemical combustion for methane combustion found that the highest catalytic activity shows perovskite obtained with the use of fuel described by glycine-to-nitrate ratio of 0.8. This material exhibits the highest superficial concentration of manganese and the highest amount of active oxygen [15] .
A number of other methods of perovskites synthesis has been elaborated, these ones mentioned above belongs to the most commonly used. Ch. Zhang et al. [16] studied the effect of the method of LaMnO 3 synthesis on its catalytic performance for toluene oxidation. They have prepared this material by citrate sol-gel, glycine combustion and co-precipitation. Perovskite prepared by sol-gel method showed the best catalytic activity and durability. This superior catalytic performance was attributed to its higher specific surface area, better low temperature reducibility and more available surface adsorbed oxygen species. The lowest apparent activation energy of this material was in good agreement with its high catalytic activity for toluene oxidation [16] . 
Characterization Techniques
The prepared mixed oxides were characterized by means of: X-ray diffraction The morphology of the samples was determined using a scanning electron microscope SEM/Hitachi S-3400N while elemental composition of selected sites on their surface were determined using energy-dispersive X-ray spectroscopy (EDS).
The susceptibility of the prepared materials to reduction was determined by The share of acid-base centers on the surface of tested materials were determined by decomposition of cyclohexanol (CHOL), determining the selectivity of the conversion of this compound to dehydration and dehydrogenation products.
The dehydration of CHOL occurs on acid sites and leads to cyclohexene The surface composition of the prepared materials was determined by X-ray photoelectron spectroscopy (XPS), using a SPECS XPS/UHV system equipped with a PHOIBOS 100 spectrometer. The X-ray source was an Mg anode operating at 100 W (survey scan) and 250 W (high resolution spectra), Ar(+) sputtering (90'', 7 μA/cm 2 , 3 keV). The analyzer mode was set at constant analyzer energy mode. Sample charging was compensated using an electron flood at 0.5 mA current and 0.1 eV energy. The C1s peak of the contamination carbon, at 284.6 eV, was taken as reference. The detection angle was normal to the surface.
The spectra were collected and processed using SPECLAB software. Non-linear least-squares fitting algorithm was performed using peaks with a mix of Gaussian-Lorenzian shape and a Shirley baseline.
Catalytic activity in lean CH 4 
Results and Discussion
Regardless of the method of synthesis used, the X-ray diffraction patterns of all materials are similar to each other and characteristic for perovskite-like structure (PDF card No. 00-032-0484 for LM and PDF card No. 00-040-1100 for LSM), as can be seen from Figure 1 . All LM prepared materials crystallized in a trigonal system in crystallographic space group R-3c (the cell parameters of a = b ~ 5.5 Å) ( Table 1 ). The LSM samples crystallized in regular system in the space group Pm-3m (cell parameters a = b = c ~ 3.9 Å), except of LSM-CC, which crystallized in a trigonal system ( 67˚, PDF card No. 00-005-0602) (Figure 1(b) ). X-ray diffraction patterns of LM-MS differs from XRD patterns of LSM-MS. The presence of strontium results in a less intense peaks, which translates into smaller particle size. An average size of crystallites are gathered in the The partial substitution of lanthanum by strontium, for all of used methods of synthesis, leads to a material with a higher specific surface area.
Acid-base properties of the studied materials were determined by the method of cyclohexanol (CHOL) decomposition. On the surface of the mixed metal oxides with perovskite like structure nucleophilic oxide ions O 2− are present (basic sites of a Lewis type) [20] and the electrophilic ions O − ,
The ratio (selectivity to CHON)/(selectivity to CHEN) denoted here as a Y is considered as a measure of the share of basic centers [22] . Samples LM-CC, LM-MS and LSM-SG show the highest share of basic sites (Table 2) , respectively 0.6 (LM-CC and LM-MS) and 1.0 (LSM-SG). Acidic sites prevail on the surface of both materials prepared by SP as it is evidenced by the highest value of selectivity to CHEN: 84% for LM and 88% for LSM ( Table 2 ).
The morphology of the studied perovskites was characterized by scanning electron microscopy (SEM) technique. The TPR H 2 profiles of studied materials are shown in Figure 3 and the temperatures of maximum of hydrogen consumption are summarized in Table 3 . The TPR H 2 profiles of Mn-containing materials show two intensive peaks of hydrogen consumption (Figure 3 ). First peak, with maximum of hydrogen consumption at the temperature range 343˚C -459˚C (T I ), represents the reduction The TPD O 2 profiles of studied materials are shown in Figure 4 . Amount of oxygen released from them are summarized in Table 4 . The investigated materials release oxygen in the temperature range 200˚C -900˚C. TPD O 2 profiles of all samples possess similar shape and show three regions of oxygen desorption. Based on the data presented in Table 4 and Figure 4 one can conclude that synthesis method affects the amount of oxygen desorbed from the surface of corresponding material. The highest amount of oxygen (per gram) release materials prepared by MS method, while the lowest these ones prepared by SP; these differences are smaller when amount of desorbed oxygen is calculated per m 2 of SSA. The amount of oxygen released from the surface of studied here materials are close to the values reported in the literature. M. Alifanti et al. [25] [27] . Depending on the desorption temperature, three forms of oxygen are distinguished on the perovskite surface [28] . Desorption at temperatures up to ca Advances in Materials Physics and Chemistry 400˚C is associated with the surface oxygens, described as α 1 -oxygen, which are commonly attributed to weakly chemisorbed oxygen molecules upon surface-oxygen vacancies. The oxygen described as α 2 is a near-surface oxygen associated with lattice defects such as dislocations and grains frontiers. This form of [29] .
Oxygen that desorbs above ca 750˚C is denoted as β and generally is linked with the lattice oxygen. This oxygen species can be directly associated with the reduction of B-site cation -here reduction of Mn 4+ [28] .
All studied LM and LSM perovskites desorb α 1 , α 2 and β oxygen (Figure 4 ).
One can state the effect of synthesis method on the amount of various forms of desorbed oxygen. As it is seen on Figure 4 , α-oxygen desorbs at wide range of temperatures. The LM perovskites evolve a small amount of oxygen at temperature range 180˚C -350˚C (maximum of desorption around 250˚C); much higher amount of O 2 is desorbed from these materials at temperatures above 400˚C
with maximum of desorption depending on the sample: at 555 and 862˚C
(LM-MS); 632˚C (LM-SG) 634˚C (LM-SP) and 645˚C (LM-CC). Only for LM-MS two peaks of desorption are observed >400˚C. Partial substitution of La
by Sr greatly lowers amount of oxygen desorbed from corresponding sample with the exception of material prepared by solvothermal method (LSM-MS) for which depletion of the amount of desorbing oxygen is negligible. Similar effect of Sr incorporation was reported by S. Ponce et al. [27] and D. M. A. Melo et al. [30] who investigated the La 1-x Sr x MnO 3 perovskites synthesized by: amorphous citrate decomposition [27] and by Pechini method [30] and showed that the amount of O 2 desorbed from its surface decreases with increasing Sr content.
The LSM perovskites desorb oxygen in a wider temperature range than LM ones. The onset temperature of α 1 -oxygen desorption from LM perovskites increased with the order MS < CC < SG < SP while in the case of materials substituted by strontium the order is following: MS < SG < CC < SP ( Figure 5 ).
Oxides of lanthanum and strontium are very reactive and in contact with the atmospheric air form surface carbonates, hence on the surface of materials large amount of carbon are present. The surface of all the studied materials is enriched with La (Table 5 ) with respect to the theoretical value. It can be explained by the fact that the surface of LaMnO 3 may exhibit one of the two ends with opposite polarity and charge: +1e (terminated LaO) and −1e (terminated MnO 2 ). Due to the enrichment of surface of materials with La, it is likely that they have LaO Advances in Materials Physics and Chemistry S. Ponce et al. [27] reported that the stability of Mn 4+ ions is an important parameter which increases the catalytic activity of the materials. A measure of stability is the fact that, despite the thermal treatment at high temperatures and under high vacuum, Mn 4+ ions are still present on the surface of material. They have shown that with increasing share of Mn 4+ on the La 1-x Sr x MnO 3 (x = 0 -0.5) surface its activity in the methane combustion also increases. [36] . N. Yamazoe and Y.
Teraoka observed decreasing of the high temperature oxygen desorption (β-oxygen) with increasing degree of Sr substitution. They explained this observation by the intrinsic nature of Mn ions: in order to mitigate the static Jahn-Teller distortion, LaMnO 3 has to have a certain number of cation vacancies, accompanied with formation of Mn 4+ ions and oxygen-excess nonstoichiometry (LaMnO 3+δ ) [37] . In our study we observed that substitution of La by Sr only slightly increase the share of Mn 4+ on the surface of materials prepared by SG and CC methods while this effect is greater for LSM samples prepared by MS and SP methods. Since the samples prepared by both latter methods contain less Sr than it is required by the stoichiometry, for charge compensation part In addition, as it was shown above, the morphological and textural properties of studied perovskites are strongly affected by the method of synthesis. S. Royer et al. have shown that amounts of desorbed different α-oxygens is mainly dependent on the specific surface area of the material [39] . All these factors make the TPD-O 2 profiles of the investigated materials differ significantly.
Three forms of oxygen are present ( However, both the method of synthesis and substitution by Sr exert a significant influence on the share of oxygen forms on the surface of these materials (Table 6) The results of lean methane combustion on studied LM and LSM perovskites are reported in Figure 6 , Table 7 and Table 8 . Activity (temperature of 10%, 50% and 90% conversion of methane) of studied catalysts was compared with activity of 0.5% Pt/Al 2 O 3 and 1% Pd/AlO 3 and presented in Table 7 .
All prepared perovskites exhibit catalytic activity in lean methane combustion.
Depending on the method of synthesis, the temperature of 10%, 50% and 90% substitution of 20% at. of La by Sr in the structure of LM perovskite decreases its activity for combustion of lean methane-only LSM-SG has higher activity than LM-SG.
It seems, that the high catalytic activity of LM samples prepared by MS and CC methods may be explained by their ability to release large amounts of α oxygen at relatively low temperatures (Table 4 , Figure 4) . It is suggested, that these Table 6 ). Taking into account low concentration of methane in the reaction mixture one can consider, that availability of active oxygen on the surface is at least as important as its amount for the activity of these materials. The confirmation of this conclusion is a linear relationship between rate of methane combustion and temperature of the first maximum of hydrogen consumption for LM perovskites prepared by studied methods (Figure 7 ).
Another factor contributing to higher catalytic activity of LM-MS and LM-CC, is relatively better developed specific surface area of this material, composed of fine crystal particles. In addition, LM-MS reaction with hydrogen starts at the lowest temperature, which suggests the presence of the most reactive oxygen species on the surface.
For the samples containing Sr there are no simple correlations between their properties and the catalytic activity. The highest rate of methane combustion shows material prepared by CC method while the lowest this one prepared by SP method (Table 8) . At low temperature (300˚C), the rate of methane combustion TPR-H 2 , possess close temperatures T I and T II and textures. In addition, the LSM-MS desorbs substantially more oxygen (α and β) counterpart prepared by CC. However, the latter perovskite shows a significantly higher catalytic activity than the previous one. The only one which differs these two materials is strontium content-its insufficiency in respect to the stoichiometric in the LSM-MS.
Presently we can not explain why the abundance and availability of α-oxygen on the LSM-MS surface is not sufficiently reflected in its activity. Probably β-oxygen present in large amounts on the surface LSM-MS, but desorbing at relatively higher temperatures than in case of other LSM play more important role in methane combustion on this material. In this way one can suppose that unusual catalytic behavior of LSM-MS might be associated with lower than stoichiometric content of Sr resulting in a high share of Mn 4+ , whereby results of neither TPD-O 2 nor TPR-H 2 can be simply related to the rate of methane oxidation. Relatively low activity of LSM-SP should be attributed to its low SSA and a small amount of adsorbed oxygen species on its surface. High catalytic activity of materials prepared by CC method can be explained on the basis of H. Najjar, H. Batis conclusions who stated that this method of synthesis resulted in a decrease in superficial La/Mn atomic ratio and an increase of relative content of the surface oxygen species what leading to high catalytic activity of corresponding material in the combustion reactions [42] . Our results confirm these findings (Table 5 and 5): both materials prepared by CC show the low value of experimental La:Mn ratio and high concentration of surface oxygen species. 
Conclusions

